Abstract. Matrine has been reported to be an effective anti-tumor therapy; however, the anti-metastatic effects of matrine on hepatocellular carcinoma (HCC) and the molecular mechanism(s) involved remain unclear. Therefore, the aims of the present study were to evaluate the effects of matrine on hepatoma and to determine the associated mechanism(s) involved. In the present study, matrine was confirmed to prevent the proliferation of HCC cells and it was observed that matrine also inhibited the migratory, and invasive capabilities of HCC at non-toxic concentrations. Additionally, matrine increased epithelial-cadherin expression and decreased the expression levels of vimentin, matrix metalloproteinase (MMP)2, MMP9, zinc finger protein SNAI1 and zinc finger protein SNAI2. These results indicate that the anti-metastatic effect of matrine may be associated with epithelial-mesenchymal transition (EMT). Furthermore, matrine can increase phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase PTEN (PTEN) expression and reduce phosphorylated-protein kinase B (Akt) levels. In conclusion, these results suggested that matrine is a potential therapeutic agent that can suppress cancer-associated invasion and migration via PTEN/Akt-dependent inhibition of EMT.
Introduction
Hepatocellular carcinoma (HCC) is the most frequently occurring primary cancer of the liver and is the 5th, and the 3rd leading cause of cancer-associated death worldwide among women and men, respectively (1) . These poor outcomes result from its high recurrence following liver resection and its resistance to systemic chemotherapy (2, 3) . As cases of HCC are frequently identified at advanced stages of the disease, these patients are only eligible for palliative care. Furthermore, as no effective palliative chemotherapies are available, the prognosis of patients with advanced HCC is poor (4) . Therefore, developing pharmacologically effective agents from natural products with minimal toxicity or minimal adverse effects has become an area of interest.
Epithelial-mesenchymal transition (EMT), the process by which epithelial cancer cells lose their polarity and become motile mesenchymal cells, has been implicated in carcinoma invasion and metastasis (5) . Downregulation of epithelial (E)-cadherin and the acquisition of mesenchymal markers including vimentin, are regarded as the key steps of EMT. The zinc-finger proteins Snai1 (Snail) and Snai2 (Slug) are the most prominent suppressors of E-cadherin transcription (6, 7) . Matrix metalloproteinases (MMPs) are a family of metalloendopeptidase that cleave the protein components of the extracellular matrix (ECM) and the endothelial cell basement membrane (8) . MMPs serve a central role in tumor EMT by the cleavage of components of the ECM and the endothelial cell basement membrane. MMP2 and MMP9, members of the MMP family, have been demonstrated in cancer tissues, and are associated with the processes of tumor aggression, and metastasis in human cancer (9) . Furthermore, a previous study reported that MMP2 and MMP9 could break down cell surface associated molecules (10) , and could cleave the E-cadherin ectodomain near the plasma membrane into soluble E-cadherin (11), which may be involved in MMPs-enhanced invasion and metastatic potential of cancer cells.
Matrine is an essential compound identified in the traditional Chinese herb Sophora flavescens Ait. (12) , which has been used to treat viral hepatitis, liver cirrhosis, cardiac arrhythmia and skin inflammations in China for centuries; furthermore, Matrine inhibits the invasive and migratory properties of human hepatocellular carcinoma by regulating epithelial-mesenchymal transition this herb does not exhibit any obvious side-effects (13) . Previously findings revealed that matrine exerts anti-tumor effects on several tumor cell types, including HCC, as well as pancreatic, gastric and breast cancer. In addition, matrine was demonstrated to enhance the immune function of patients and therefore improve the quality of life of patients (14) . Although matrine has been used clinically to treat various types of cancer in recent years, the therapeutic efficacy of matrine for EMT of HCC remains poorly understood. Consistent with the published literature, the present study aimed to ascertain whether there were any alterations in EMT in hepatoma cells as a result of being treated with matrine, to investigate the mechanisms underlying the diminished EMT activity of matrine through the phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase PTEN (PTEN)/protein kinase B (Akt) signaling pathway and altered the expression of proteins involved in EMT, including MMP2, MMP9, E-cadherin, vimentin, Slug and Snail. The aim of the present study was to develop novel strategies for the treatment of HCC. Cell culture. Fetal bovine serum (FBS), penicillin/streptomycin and trypsin were all purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Dulbecco's modified Eagle's medium (DMEM) was purchased from Invitrogen (Thermo Fisher Scientific, Inc.). The human hepatoma cell line Huh-7 was purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China). Huh-7 cells were cultured in DMEM supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin and 10% FBS and incubated at 37˚C in a humidified atmosphere containing 5% CO 2 .
Materials and methods

Chemicals
Cell viability assays. The MTT assay was used to assess the cytotoxic activity of matrine. Huh-7 cells were plated in 96-well culture plates (1x10 4 cells/well) and allowed to adhere overnight at room temperature, following which the cells were treated with various concentrations of matrine (0, 0.2, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, or 2.0 mg/ml). The cells were subsequently incubated for 24 and 48 h then they were washed twice with PBS and treated with 5 mg/ml MTT for 4 h. The cells were washed with PBS and then solubilized with 150 µl DMSO. The optical density values were measured at an absorbance of 490 nm using a Wellscan reader (Thermo Labsystems, Santa Rosa, CA, USA). The percentage inhibition of cellular proliferation was calculated using equation 'the inhibitory percentage (%) = [1 -A490(test)/A490(blank)] x100%ʼ. The assays were performed in triplicate in three independent experiments.
Colony forming assay. Huh-7 cells in the exponential growth phase were seeded into 6-well plates at a density of 8x10 2 cells/well. Following incubation of the cells for 12 h, they were treated with 0, 0.8, or 1.6 mg/ml matrine for 24 h and then continuously cultured in fresh medium at 37˚C in a humidified atmosphere containing 5% CO 2 . Following 10-15 days of culture, the cells were first washed twice with PBS, then fixed with methanol for 30 min at room temperature and finally stained with 0.5% crystal violet for 30 min at room temperature. A colony was defined as a unit of at least 50 cells and all visible colonies were counted by light microscopy. The colony formation rate was reported as a percentage and calculated as the number of colonies/the number of seeded cells x100. The assays were performed in triplicate in three independent experiments.
Wound healing assays. For the wound healing assays, Huh-7 cells were seeded in 6-well plates at a density of 2x10 5 cells/well and cultured for 24 h. Wounds were scratched with a 10 ml pipette tip and then PBS was used to wash the wells and remove floating cells prior to the addition of serum-free medium. The cells were then treated with 0, 0.2, 0.4 or 0.8 mg/ml matrine for 0, 12 and 24 h. The migratory distance of the cells was measured and analyzed using ImageJ 1.48 version (National Institutes of Health, Bethesda, MD, USA). The tests were performed in triplicate in three independent experiments.
In vitro invasion and migration assays. Cell migration and invasion assays were performed using Transwell chambers with 8-µm pores (Corning, Incorporated, Corning, NY, USA). Huh-7 cells were pretreated with 0, 0.2, 0.4 or 0.8 mg/ml matrine for 24 h. For the migration assay, 1x10 4 cells/well in serum-free medium were seeded in the upper chamber on a non-coated membrane. The lower chamber was filled with medium containing 20% FBS, whereas the upper chamber with a membrane pre-coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) were used for the invasion assay. The cells were subsequently incubated for 24 h at 37˚C, those on the upper side of the inserts were removed by swabbing with a cotton swab and the cells on the bottom side of the filter were fixed with 100% methanol for 30 min at room temperature and stained with 0.5% crystal violet for 30 min at room temperature. The cells on the lower surface were then counted and images were captured under an inverted light microscope (Olympus Corporation, Tokyo, Japan). The assays were performed in triplicate in three independent experiments.
Immunofluorescence. Huh-7 cells were plated onto chamber slides at 2x10 4 cells per chamber for 12 h and stimulated with 0 and 0.8 mg/ml matrine for 24 h. Then, the cells were fixed with 4% paraformaldehyde for 30 min at room temperature and subsequently permeabilized with 0.25% Triton X-100 for 20 min at room temperature. The slides were then treated with 0.5% bovine serum albumin (BSA; Beyotime Institute of Biotechnology, Jiangsu, China) in 0.1% Tween-20 for 30 min at room temperature, primary antibodies targeting E-cadherin and vimentin were added at a 1:1,000 dilution and incubated on the slides overnight at 4˚C. Secondary antibodies conjugated with the green fluorescent Alexa Fluor 594 dye (FITC Conjugated Goat Anti-Rabbit IgG; cat. no. TA130021), were purchased from OriGene Technologies, Inc. (Rockville, MD, USA), were added to the slides at a dilution of 1:1,000 for 1 h at room temperature. Then, the cells were washed with PBS and the coverslips were mounted using an anti-fade mounting solution containing DAPI prior to imaging the cells for 10 min at room temperature. The projected cell area was evaluated using ImageJ software. The assays were performed in triplicate in three independent experiments.
Western blot analysis. Huh-7 cells were planted in 6-well plates at 2x10 5 cells per well, treated with different concentrations of matrine (0, 0.2, 0.4, or 0.8 mg/ml) for 36 h and then lysed using a RIPA buffer. The lysates were centrifuged at 4˚C at 12,000 x g for 15 min and the protein concentration of the remaining supernatants was measured using a bicinchoninic protein assay kit (Beyotime Institute of Biotechnology). Samples of total protein (20 µg) were separated using 12% SDS-PAGE. The separated proteins were then transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) at 0.8 mA/cm 2 for 2 h. Following blocking of these membranes with a solution of 5% non-fat dry milk in buffer at 37˚C for 1 h, they were treated with antibodies targeting E-cadherin, vimentin, Slug, Snail, PTEN, Akt, p-Akt and β-actin (all dilutions 1:1,000) overnight at 4˚C. Then, the membranes were washed and incubated with horseradish peroxidase-conjugated (1:1,000) anti-mouse (cat. no. ZB-5305) or (1:1,000) anti-rabbit antibodies (cat. no. ZB-5301; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room temperature for 1 h. The protein bands on the membranes were visualized using ECL detection reagents (P0018, BeyoECL Plus; Beyotime Biotechnology, Jiangsu, China). In addition, the antibodies targeting MMP2 and MMP9 (all dilutions 1:1,000) when the cells were treated with matrine (0, 0.4 and 0.8 mg/ml) were tested as described above. ImageJ software was used to perform the densitometric analyses. The experiments were performed in triplicate in three independent experiments.
Actin staining of the cytoskeleton. Huh-7 cells, which were treated with matrine (0, 0.8 mg/ml) were grown on coverslips and fixed with 4% fresh paraformaldehyde for 10 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 20 min at room temperature, and then blocked with 5% BSA at room temperature for 1 h. Subsequently, the cells were stained with Phalloidin for 2 h at room temperature in the dark. Following being washed, the cells were counterstained with DAPI for 10 min at room temperature. A fluorescence microscope (Eclipse 90i; Nikon Corporation, Tokyo, Japan) was employed to observe the distribution of filamentous (F)-actin. The assays were performed in triplicate in three independent experiments. Either the Student's t-test or one-way analysis of variance followed by the Newman-Keuls method were performed to analyze the difference between two groups and multiple groups, respectively. P<0.05 was considered to indicate a statistically significant difference.
Results
Matrine inhibits the cell viability of the human hepatoma cell line Huh-7. The effect of various concentrations of matrine (0 to 2 mg/ml) on the cell viability of Huh-7 cells following exposure for 24 or 48 h is demonstrated in Fig. 1 . At 1 mg/ml, matrine inhibited the cell viability of Huh-7 cells, whereas at concentrations lower than 1 mg/ml, the inhibitory effect was not marked following 24 h. Therefore, concentrations lower than 1 mg/ml were selected for the experiments associated with invasion and metastasis.
To investigate the long-term effects of matrine on Huh-7 cells proliferation, a colony formation assay was performed. Cells subjected to long-term matrine exposure exhibited significantly reduced colony-forming abilities (P<0.01; Fig. 2) . Furthermore, this suppression was more significant in cells exposed to higher concentrations of matrine (P<0.001). These results indicated that a matrine concentration >1 mg/ml exerts a suppressive effect on the proliferative abilities of Huh-7 cells.
Matrine inhibits the migration and invasion of Huh-7 cells.
In the present study, the migratory ability of cells treated with matrine was significantly decreased compared with the control Huh-7 cells (P<0.05; Figs. 3 and 4) . The results demonstrated that matrine inhibited the invasion and migration of Huh-7 cells in a concentration-dependent manner. In the wound healing assays, the migration area (%) in the matrine group was significantly increased compared with the control group (P<0.05; Fig. 5 ). These experiments illustrated that matrine may serve an essential role in regulating the migratory and invasive abilities of a HCC cell line.
Matrine inhibits EMT by suppressing vimentin and enhancing E-cadherin expression in human Huh-7 HCC cells.
Vimentin and E-cadherin have been reported to serve important roles in EMT (15) . To determine how matrine induces EMT in Huh-7 cells, Huh-7 cells were stimulated with 0.8 mg/ml matrine for 24 h (Fig. 6 ) and immunofluorescence was used to measure the levels of vimentin and E-cadherin expressed in these cells. It was observed that matrine induced the downregulation of vimentin expression and the upregulation of E-cadherin expression; these results indicate that matrine serves a critical role in reducing EMT by decreasing vimentin expression and increasing E-cadherin expression.
Matrine represses the cancer cells exhibiting an EMT-like phenotypic alteration.
Previous studies highlighted EMT as the mechanism by which differentiated epithelial cells undergo notable morphological alterations and acquire more motile and invasive capabilities (16) (17) (18) (19) . Cytoskeletal reorganization is also a characteristic of EMT and this feature was observed by F-actin staining. As demonstrated in Fig 7A, the stress fibers in Huh-7 cells appeared as lamellipodia and extensive parallel bundles, which were densely stained and exhibited well-organized structures. In contrast, the lamellipodia disappeared and the parallel bundles were disrupted in the cells treated with matrine, which also demonstrated loosely organized F-actin (Fig. 7B) .
Matrine suppresses the expression of Akt/p-Akt, vimentin, MMP2, MMP9, Slug and Snail and increases the expression of PTEN and E-cadherin.
Huh-7 cells treated with matrine for 24 h were subjected to a western blotting assay to determine the expression levels of vimentin, MMP2, MMP9, Slug, Snail and E-cadherin. Figs. 8 and 9 revealed that compared with control Huh-7 cells, matrine-treated cells demonstrated significantly increased E-cadherin protein levels (P<0.01) and reduced expression of vimentin, MMP2, MMP9, Slug and Snail in a concentration-dependent manner. The effect of matrine on PTEN and p-Akt expression in Huh-7 cells, was also investigated and the western blot analysis demonstrated that matrine significantly increased PTEN expression and significantly reduced the levels of p-Akt in a concentration-dependent manner (P<0.05; Fig. 10 ).
Discussion
HCC is the most common liver malignancy and a major health problem worldwide. Surgical resection and liver transplantation, which are the current gold standards for the treatment of HCC, are less than satisfactory due to metastasis and high recurrence Representative phalloidin staining to observe the actin cytoskeleton in Huh-7 cells which were treated with 0.8 mg/ml matrine, with the cell nucleus (blue) stained using DAPI (magnification, x100). Figure 6 . Effect of matrine on E-cadherin and vimentin expression in Huh-7 cells. Representative single-color and merged images of Huh-7 cells illustrate the immunofluorescence staining for (A) E-cadherin (green) and (B) vimentin (green), with the cell nucleus (blue) stained using DAPI (magnification, x100). E, epithelial.
rates (20) . Matrine has been confirmed as a natural anti-tumor agent against several types of cancer, including acute myeloid leukemia, prostate cancer, lung cancer and human hepatoma (21-24) . Nevertheless, the anti-metastatic effect of matrine and its associated mechanism(s) in HCC remained unclear. In the present study, matrine was determined to inhibit the mobility and invasive capability of hepatoma cells in vitro by modulating EMT via the activation of the PTEN/Akt pathway. To the best of the authors' knowledge, this is the first scientific study to report the anti-metastatic effect of matrine on HCC.
In the present study, HCC cell line Huh-7 cells were treated with matrine at concentrations lower than 1 mg/ml, which exerted minimal effects on cell proliferation as confirmed by an MTT assay. Notably, the cell morphology altered and a decrease in lamellipodia, focal adhesion, and the stress fibers in cells following treatment with matrine was observed. Based on this observation, EMT-associated markers were analyzed. As anticipated, the expression levels of mesenchymal markers were reduced and those of epithelial markers were upregulated in the matrine-treated cells. Transwell and wound healing assays were also used to analyze the invasive and migratory abilities of hepatoma cells; these properties were demonstrated to be suppressed. Therefore, these data indicated that matrine may inhibit HCC invasion and metastasis by inducing EMT, which is consistent with other studies that focused on different cancer types (21, 22) .
Tumor metastasis and recurrence are two of the most difficult challenges in curing hepatoma patients. To fully progress to metastasis, carcinoma cells must complete multiple distinct steps. An important biological process that has been demonstrated to trigger cancer progression, metastasis and recurrence is EMT (25) . Indeed, tumor metastasis has been associated with alterations in EMT markers (26) , including decreased E-cadherin expression (27) , increased MMPs expression (28) increased vimentin expression (29) , increased collagen I expression (30) , increased fibronectin expression (31) and increased expression of transcription factors from the Snail family (32) . The phenomenon of EMT results in epithelial cells losing their cell-cell adhesions, acquiring a mesenchymal phenotype and also losing organized F-actin. This causes cells to become more migratory and invasive, and in the case of tumor cells, the ultimate consequence is metastatic spread (27) . In the present study, it was observed that matrine enhanced E-cadherin expression and reduced the expression of vimentin, Slug, Snail, MMP2 and MMP9. The results suggested that the anti-metastatic effect of matrine on HCC is associated with EMT.
EMT refers to a series of phenotypic and molecular alterations that occur in non-cancerous cells over the course of various steps of normal development as well as in cancer cells (33) . When EMT develops in cancer, the patient's prognosis may be adversely affected (34) . Therefore, an important property of antineoplastic medicine is thought to be the successful repression of EMT (35, 36) . Several phytochemicals, including matrine, may offer a novel therapeutic approach for treating tumors by repressing EMT (37) (38) (39) (40) . A previous study demonstrated that the phosphoinositide 3-kinase (PI3K)/Akt pathway serves a significant role in cell growth, metabolism, proliferation, migration and apoptosis (41) . Furthermore, p-Akt is a well-known anti-apoptotic protein and the primary downstream kinase of PI3K (42) . Accordingly, the p-Akt levels in HCC cells treated with matrine were investigated and the results demonstrated that the p-Akt expression levels were reduced in a concentration-dependent manner. To further clarify the mechanism involved, the upstream regulatory factors of Akt, including PTEN were measured. PTEN is tumor suppressor protein with protein phosphatase and alkaline phosphatase activity and that can inhibit the PI3K/Akt pathway (43) . A previous study confirmed that the p-Akt, p27 and pS6 expression levels were increased in HCC tissues compared with the adjacent non-tumor and normal liver tissues and the normal tissue demonstrated elevated PTEN expression compared with the tumor tissue (44) . Furthermore, this previous study demonstrated that over-expression of p-Akt, p27 and pS6 was involved in poor differentiation, vascular invasion and high tumor node metastasis stage of HCC, all of which were also inversely proportional to PTEN expression. A previous study demonstrated that silencing PTEN inhibited the cell growth inhibition and apoptosis induced by matrine in M21 cells (45) . These results suggested that PTEN was required for the antitumor efficacy of matrine. In addition, loss of PTEN function is the most commonly known genetic alteration in the PI3-kinase cascade and is commonly associated with B-Raf proto-oncogene mutations (45) . Furthermore, in line with recent findings, their results revealed that HCC cells with downregulated p-Akt, p27 and pS6 expression exhibited decreased invasion and metastasis (46) . In addition, the induction of EMT by transforming growth factor (TGF)-β is implicated in hepatocarcinogenesis and HCC metastasis. These results demonstrated that upregulation of HAb18G/cluster of differentiation (CD)147 is stimulated by TGF-β and is coupled with the downregulation of E-cadherin and the upregulation of neural-cadherin and vimentin. HAb18G/CD147 expression is controlled by the PI3K/Akt/phosphoinositide 3-kinase (GSK3b) cell survival signaling pathway and is directly regulated by the transcription factor Slug. One study revealed a novel effect of HAb18G/CD147 in mediating EMT during the course of HCC progression and demonstrated that CD147 is a Slug target in the TGF-β-PI3K/Akt-GSK3b-Snail-Slug-CD147 signaling cascade (47) . Further experiments are required to confirm the association of the expression of the PTEN/p-Akt and the inhibitory effects of matrine. Therefore, the present study investigated these downstream EMT regulators of the PI3K/Akt pathway and reported that Snail and Slug expression was downregulated in matrine-treated HCC cells. The results demonstrated that the PTEN/PI3K/Akt pathway may serve as an alternative mechanism underlying the effects of matrine.
In conclusion, the present study confirmed the inhibitory function of matrine on the invasive and metastatic abilities of HCC. Furthermore, decreases in vimentin expression and increases in E-cadherin expression induced by matrine are attributed to enhanced PTEN activity and inhibited Akt signaling. This mechanism may contribute to the inhibitory effects of matrine on invasion and metastasis in HCC. These results also revealed a novel potential therapeutic application of matrine as an anti-metastatic therapy for HCC.
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